GGE biplot, is an ideal tool for MET data analysis (Yan, 2001; Yan et al., 2000 Yan et al., , 2001 . A GGE biplot that A GGE biplot is constructed by first subjecting the GGE matrix, i.e., the environment-centered data, to singular-value (SV) decomposition. The GGE matrix is decomposed into R egional performance trials are conducted every three component matrices-the SV matrix (array), the genoyear for all major crops throughout the world with type eigenvector matrix, and the environment eigenvector mathe purpose of identifying superior cultivars for the tartrix-so that each element in the GGE matrix is recovered get region. The measured yield of each cultivar in each through test environment is a mixture of environment main effect (E), genotype main effect (G), and genotype ϫ
The Model for a GGE Biplot focused scaling methods.
A GGE biplot is constructed by first subjecting the GGE matrix, i.e., the environment-centered data, to singular-value (SV) decomposition. The GGE matrix is decomposed into R egional performance trials are conducted every three component matrices-the SV matrix (array), the genoyear for all major crops throughout the world with type eigenvector matrix, and the environment eigenvector mathe purpose of identifying superior cultivars for the tartrix-so that each element in the GGE matrix is recovered get region. The measured yield of each cultivar in each through test environment is a mixture of environment main effect (E), genotype main effect (G), and genotype ϫ
[1] environment interaction (GE). Typically, E explains most (up to 80% or higher) of the total yield variation, where and G and GE are usually small. However, it is G and Y ij ϭ the measured mean yield of genotype i (ϭ1, 2,...n ) GE that are relevant to cultivar evaluation. Moreover, in environment j (ϭ 1, 2,...m ) G and GE must be considered simultaneously when ϭ the grand mean making cultivar selection decisions. For this reason, in-␤ j ϭ the main effect of environment j, ( ϩ ␤ j ) being the stead of trying to separate G and GE, Yan et al. (2000) mean yield in environment j deliberately put the two together and referred to the l ϭ the SV of lth principal component (PC), the square mixture as GGE. Yield data from regional performance of which is the sum of squares explained by PCl (l ϭ trials, or more generally, multienvironment trials (MET), 1, 2,...k, with k Յ min(m, n ) and k ϭ 2 for a twoare usually quite large, and it is difficult to grasp the dimensional biplot) general pattern of the data without some kind of graphiil ϭ the eigenvector of genotype i for PC l cal presentation. The biplot technique (Gabriel, 1971) lj ϭ the eigenvector of environment j for PC l provides a powerful solution to this problem. A biplot ε ij ϭ the residual associated with genotype i in environthat displays the GGE of a MET data, referred to as a ment j
To generate a biplot that can be used in visual analysis of COM, as demonstrated in Yan and Hunt (2002 ]. This property makes it possible to visualize the relative magnitude of genowhere f l is the partition factor for PC l. Theoretically, f l can be type variation and environment variation for both PC1 and anything between 0 and 1 although 0.5 is so far most commonly PC2. This is the scaling method used in AMMI analysis used. Therefore, there are numerous ways to construct a GGE (Gauch, 1988) and some GGE biplot analysis (Yan et al., biplot, leading to numerous GGE biplots of different shapes. 2000) . It is intermediate between the environment-focused The influence of different partitioning factors on the interprescaling and the genotype-focused scaling in all aspects. tation of a GGE biplot has rarely been documented, except in DeLacy et al. (1996) . This paper compares four special
Equal-Space Scaling

SV partition methods in GGE biplot construction for their
The equal-space scaling method was first proposed by Dr. suitability in visualizing the three aforementioned aspects.
Paul L. Cornelius (University of Kentucky) and reported in Yan et al. (2001) . It is devised so that the biplot space taken
Environment-Focused Scaling
by genotypes is equal to that by environments. This is achieved It is referred to as environment-focused scaling if f l ϭ 0, by assigning the SV partition factor to: i.e., if the SV is completely partitioned into the environment eigenvectors so that g il ϭ il and e lj ϭ l lj . In this scaling, the environmental scores are in the original unit of yield (e.g.,
t ha Ϫ1 ), and the genotype scores are normalized (unitless). Because all of the SV is partitioned into the environment scores, the range of the environment scores is likely many times greater than that of the genotypes, and when directly In this scaling, the unit of the genotype scores and that of the plotted, the genotypes are likely to be crowded in the biplot.
environments are usually different; the unit of PC1 and that To generate a biplot in which the ranges of the genotypes and of PC2 are also different. The meaning of this scaling in terms the environments are comparable, the genotype scores for of genotype and environment evaluation is not defined. This both axes can be multiplied by an arbitrary number. Multiproblem was not realized when Yan et al. (2001) was prepared. plying both axes of the genotype scores with a positive number Equal-space scaling is equivalent to the symmetric scaling only is equivalent to multiplying such a number to each element when max( lj ) Ϫ min( lj ) ϭ max( il ) Ϫ min( il ) for both PC1 of the environment-centered data matrix and will not alter and PC2. Recently, Dr. Paul L. Cornelius (personal communithe genotype ϫ environment pattern of the data. Properties cation, 2002) has proposed two additional scaling methods, of the environment-focused scaling were discussed by DeLacy equal maximum vector length scaling and equal maximum et al. (1996) under the term "principal component scaling."
ordinate length scaling. The discussion on equal-space scaling By partitioning all SV to the environment scores, the relain this paper should also apply to these two scaling methods. tive importance of PC1 and PC2 is fully reflected by the locaRegardless of the SV partitioning method, the genotype ϫ tions of the environment markers in the GGE biplot. Thereenvironment matrix represented by Eq.
[1] is not altered. fore, a GGE biplot based on environment-focused scaling is Therefore, all possible scaling methods should reveal the same most suitable for visualizing the interrelationship among the which-won-where pattern. environments but not for that of the genotypes.
Genotype-Focused Scaling MATERIALS AND METHODS
The yield data from 1998 winter wheat (Triticum aestivum It is referred to as genotype-focused scaling when f l ϭ 1, i.e., when the SV is partitioned entirely into the genotype L.) performance trials are used in this investigation, which tested 33 cultivars in eight environments (Table 1) . This data eigenvectors so that g il ϭ l il and e lj ϭ lj . In this scaling, the unit of the genotype scores (g il ) is the original unit of yield, set was used previously in Yan et al. (2001) in comparing two types of GGE biplots. The analysis could be conducted using and the environmental scores (e lj ) are unitless. Because all of the SV is partitioned into the genotype scores, the range of statistical packages such as SAS (SAS Inst., 1996) , as described in detail in Yan and Hunt (2002) . However, this is a tedious and the genotype scores are likely to be many times greater than that of the environment scores. As a result, the environments laborious process. All analyses were done using GGEbiplot, which is a Windows application that fully automates biplot in the biplot are likely to be crowded relative to the genotypes. For a genotype ϫ environment table, genotype-focused scaling analysis (Yan, 2001) . A demo version of the program is available at www.ggebiplot.com (verified 7 July 2002). is the default scaling method of the SAS procedure PRIN- 
RESULTS AND DISCUSSION
EA, HN, and WK, where Mou is nominally better than The first two PCs explained 87% of the total GGE 2560, from environments RN, WE, ID, and NN where variation ( Fig. 1-3 ), suggesting that a biplot of PC1 and 2560 is nominally better than Mou. Ray 4 is perpendicu-PC2 adequately approximates the environment-cenlar to side Mac-Mou. It separates environment OA, tered data. Different scaling methods are compared for where Mac is nominally better than Mou, from all other each of the three aspects: the which-won-where pattern, environments where Mou is nominally better than Mac. which is a summary of the genotype ϫ environment Thus, Mou is nominally the best cultivar for environrelations, the genotype ranking based on mean and staments EA, HN, and WK. For the same reasoning, Mac, bility of the genotypes, and the interrelationships among rather than Sup, is the vertex for the sector where OA the environments.
resides. The use of a perpendicular line to a polygon side as a comparison facility was first proposed in Yan
The Which-Won-Where Pattern et al. (2000) and more fully described in Yan and Kang (2002) . Needless to say, biplots based on symmetric Visualization of the which-won-where pattern of scaling (Fig. 1C) and equal-space scaling (Fig. 1D ) dis-MET data is important for studying the possible exisplay the same which-won-where pattern. In Fig. 1D , tence of different megaenvironments in a region (Gauch cultivars Ljh95, Mon, and Dlt aligned on a straight line; and Zobel, 1997; Yan et al., 2000 Yan et al., , 2001 . The polygon thus, only eight rays are displayed. view of a GGE biplot explicitly displays the which-wonThe above statements on the which-won-where patwhere pattern, and hence is a succinct summary of the tern based on the biplots can be largely, though not GE pattern of a MET data set (Fig. 1) . The polygon is entirely, validated from the original data (Table 1) beformed by connecting the markers of the genotypes that cause only 87%, rather than 100%, of the GGE are are further away from the biplot origin such that all explained by the biplots. Arguably, however, the pattern other genotypes are contained in the polygon. The rays displayed by the biplots may be more robust than the in Fig. 1 are lines that are perpendicular to the sides of individual data points in the raw data because the biplot the polygon or their extensions. Take Fig. 1A as an is based on all data points. For example, the biplots example. Ray 1 is perpendicular to the side that connects indicate that cultivar Mou was the highest yielding in cultivars Dlt and Zor (the Dlt-Zor side); Ray 2 is per-EA, HN, and WK ( Fig. 1) , whereas Mac was actually pendicular to side Zor-Sup; similarly, Ray 3 is perpenthe highest yielding in HN and WK (Table 1) . This is dicular to side Sup-Mac, Ray 4 to side Mac-Mou, Ray 5 to side Mou-2560, Ray 6 to side 2560-2526, Ray 7 to partially because Mac was, on the whole, poorer than Mou in environments ID, RN, and WE where 2560 was called the average environment axis and serves as the the highest-yielding genotype.
abscissa of the AEC. The ordinate of the AEC is the line that passes through the origin and is perpendicular
Mean Yield and Stability of Genotypes
to the AEC abscissa (Fig. 2) . Unlike the AEC abscissa, which has one direction, with the arrow pointing to Visualization of the mean performance and stability greater genotype main effect, the AEC ordinate is indiof genotypes is always an important issue in cultivar cated by double arrows, either direction away from the evaluation. It was pointed out that if PC1 of a GGE biplot origin indicates greater GE effect and reduced biplot approximates the genotype main effects (i.e., stability. As a rule, the genotype projections onto the mean performance), PC2 must approximate the GE ef-AEC abscissa are good approximations of the genotype fects associated with each genotype, which is a measure main effects. For our case, the correlation between the of instability (Yan et al., 2000) . However, this condition projections and the genotype main effects was 0.982. is not always met. To deal with possible exceptions, an An ideal cultivar should have the highest mean peralternative GGE biplot was devised , formance and be absolutely stable (i.e., perform the best which forces the abscissa to present the genotype main in all environments). Such an ideal cultivar is defined effect and is, therefore, more interpretable in terms by having the greatest vector length of the high-yielding mean performance and stability. This is, however, at genotypes and with zero GE, as represented by the dot the expense of explaining slightly smaller GGE variawith an arrow pointing to it (Fig. 2) . Although such an tion. The merits of the two types of GGE biplots are ideal cultivar may not exist in reality, it can be used as combined to some extent by introducing an average a reference for cultivar evaluation. A genotype is more environment coordination (AEC) (Yan, 2001; desirable if it is located closer to the ideal cultivar. Thus, Hunt, 2002) . This is implemented as follows. First, an using the ideal cultivar as the center, concentric circles average environment is defined by the average PC1 and were drawn to help visualize the distance between each PC2 scores of all environments, represented by a small genotype and the ideal cultivar (Fig. 2) . circle (Fig. 2) . A line is then drawn to pass through this average environment and the biplot origin; this line is Because the units of both PC1 and PC2 for the geno-types are the original unit of yield in the genotypeenvironment-focused scaling ( Fig. 2A ) take no account of the relative importance of PC1 and PC2. The ratio focused scaling (Fig. 2B) , the units of the AEC abscissa (mean yield) and ordinate (stability) should also be the of the PC1 score to the PC2 score (PC1/PC2 ratio) is reduced by a factor of 1 / 2 compared with the genotypeoriginal unit of yield. The unit of the distance between genotypes and the ideal cultivar, in turn, is the original focused scaling. If the AEC abscissa happens to coincide with the PC1 axis, the mean/stability ratio is also reunit of yield as well. Therefore, the ranking based on the genotype-focused scaling assumes that stability and duced, i.e., the stability is overemphasized, by a factor of 1 / 2 . On the other extreme, if the AEC abscissa mean yield are equally important.
In contrast, the genotype scores in a biplot based on happens to coincide with the PC2 axis, the mean/stability ratio is enlarged, i.e., the mean performance is overemphasized, by a factor of 1 / 2 . Obviously, numerous possibilities exist between these two extremes since the The units of the axes of a biplot based on the equalspace scaling are variable, depending on the data. The rotation angle of the AEC relative to the original coordinates can be anything between 0 and 90Њ. The stability genotype ranking in such a biplot, therefore, has no clear interpretations although its AEC still indicates the is overemphasized if the angle is Ͻ45Њ and underemphasized if the angle is Ͼ45Њ. Consequently, the relative mean and stability of the genotypes (biplot not shown) as other scaling methods do. importance of mean vs. stability-hence, the meaning of the distance between a genotype and the ideal cultivar in a biplot based on environment-focused scaling-is
Interrelationship among Environments
not defined.
The correlation coefficients among the eight test enviSimilar discussion applies to the symmetrical scaling, ronments are presented in Table 2 . It contains 28 correthough to a lesser extent. The units of PC1 and PC2 lation coefficients. The number of correlation coeffifor the genotypes, the units of the AEC axes for the cients increases quickly to an unmanageable level as genotypes, and the unit of the distance between a genomore environments are involved. For example, if there type and the ideal cultivar are all in square root of were 20 environments, this table would have 190 correthe original unit. Relative to genotype-focused scaling, lation coefficients. Admirably, the vector view of a GGE the symmetric scaling tends to put more weight on PC2 biplot (Fig. 3) provides a succinct summary of the intervs. PC1 by a factor of √ 1 / 2 . As for the environmentrelationships among the environments. The lines that focused scaling, depending on the angle of rotation of connect the biplot origin and the markers of the environthe AEC relative to the original coordinates, the mean/ ments are called environment vectors. The angle bestability ratio in the symmetric scaling may be overtween the vectors of two environments is related to the (rotation angle Ͼ45Њ) or underemphasized (rotation correlation coefficient between them. The accuracy of angle Ͻ45Њ) relative to the genotype-focused scaling.
a biplot in displaying the interrelationships among the The relative importance of mean vs. stability-hence, environments, however, has much to do with the SV the meaning of the distance between a genotype and scaling method. When the biplot adequately approxithe ideal cultivar in a biplot based on symmetric scalmates the environment-centered data, and when the ing-is also undefined.
environment-focused scaling is used (Fig. 3A) , the coIt is important to know that different scaling methods sine of the angle between the vectors of two environput different weights on mean vs. stability. Consements approximates the correlation coefficient between quently, the choice of scaling methods may influence them (Kroonenburg, 1995) . To verify, all environments the ranking of the genotypes based on mean perforshould be positively correlated because all angles among mance and stability. For example, based on the genothem are smaller than 90Њ. Sure enough, there are no type-focused scaling (Fig. 2B) , cultivar Mou was the negative numbers in Table 2 . The angle between envimost desirable. It was more desirable than 2560 even ronments OA and RN is only slightly smaller than 90Њ; though the latter had the highest mean yield. Genotypes therefore, the correlation between them should be close '2540', 2560, '2557', 'Men', and Mac seemed to be to 0. In Table 2 , it was 0.181. The loose association of equally desirable although their yields differed in indi-OA with ID and WE (Table 2) was also well reflected vidual environments. Genotypes Dlt, Zor, and 'S93' in Fig. 3A . There were inconsistencies, however. For were the least desirable because they had the lowest example, Fig. 3A suggests that HN and WK are the mean yield. In contrast, based on the environment-fomost closely correlated environments, but the largest cused scaling ( Fig. 2A) , 2540 is identified as the most correlation coefficient was actually between RN and ID desirable because this scaling method puts more weight (Table 2) . Some inconsistencies are expected because to stability relative to mean yield (because the rotation the biplot did not explain 100% of the GGE variation. angle is Ͻ45Њ) and because 2540 was more stable than A biplot based on the environment-focused scaling the other high-yielding genotypes. For the same reason, (Fig. 3A) correctly displays the interrelationships among cultivars 2526 and Sup, which had relatively large GE environment because the environment scores reflect the were put to the fourth and fifth layers from the concenrelative importance of PC1 and PC2. The genotypetric center compared with Fig. 2B where they were in focused scaling cannot correctly display the correlation the third and fourth layers, respectively. The ranking coefficients among environments (Fig. 3B) . The most of genotypes in the symmetrical scaling (Fig. 2C) is obvious example is the obtuse angle between OA and intermediate between the genotype-focused scaling and the environment-focused scaling.
RN, which suggests a negative correlation between them. Figure 3B also suggests that there was no associaIt is recommended that the genotype-focused scaling should be used in visualizing the interrelationship and tion between RN and EA (and also HN and WK), which is not true (Table 2) . Thus, the genotype-focused scaling comparing among genotypes and the environment-focused scaling be used in visualizing the interrelationship cannot be used to reliably visualize the interrelationship among environments. Its accuracy in displaying the corand comparing among environments. All scaling methods are equally valid in visualizing the which-won-where relation among environments, relative to that of the environment-focused scaling, decreases as ( 1 Ϫ 2 ) inpattern of the MET data, but the symmetric scaling is preferred because it has all properties intermediate creases. The biplot based on symmetrical scaling (Fig.  3C) was in between the two extreme scaling methods.
between the genotype-and environment-focused scaling methods. These understandings have been incorpoIts accuracy in displaying the interrelationship among environments also decreases as ( 1 Ϫ 2 ) increases. rated in the GGEbiplot software (Yan and Kang, 2002; www.ggebiplot.com) . The equal-space scaling method is not recommended for either ranking the genotypes
CONCLUSIONS
or visualizing the interrelationship among environments The GGE biplots of MET data allow visualizing the although it is equally valid as other scaling methods in interrelationship among genotypes (including the rankdisplaying the which-won-where patterns. ing of cultivars based on both mean performance and stability), interrelationship among environments, and
